We present a Raman scattering study of optical phonons in zincblende (cubic) GaN for temperatures ranging from 80 to 750 K. The experiments were performed on high quality, cubic GaN films grown by molecular beam epitaxy on GaAs (001) substrates. The observed temperature dependence of the optical phonon frequencies and linewidths is analyzed in the framework of anharmonic decay theory, and possible decay channels are discussed in the light of density-functional theory calculations. The LO mode relaxation is found to occur via asymmetric decay into acoustic phonons, with an appreciable contribution of higher order processes. The TO mode linewidth shows a weak temperature dependence and its frequency downshift is primarily determined by the lattice thermal expansion. The LO phonon lifetime is derived from the observed Raman linewidth and an excellent agreement with previous theoretical predictions is found.
I. INTRODUCTION
The group-III nitride semiconductors with the zincblende structure are attracting much interest as promising candidates to overcome the built-in piezoelectric fields and spontaneous polarization effects that limit the efficiency of light emitting devices based on wurtzite heterostructures with (0001) orientation. 1, 2 Because of their symmetry, cubic III-nitride heterostructures grown in a (001) direction are not affected by quantum confined Stark effect. The absence of built-in fields is expected to yield a superior stability of the emission wavelength with increasing current and to increase the radiative efficiency in the well. The zincblende polytype of GaN, with a bandgap 0.2 eV lower than that of the wurtzite phase 3 and higher hole mobility, 4 is being considered as an alternative to the growth along non-polar axes of wurtzite to address the droop problem in green light-emitting diodes. 2 The lower bandgap of the cubic form requires less In alloying to reach the green emission region, and, because of the absence of polarization fields, wider wells can be used where the carrier density is lower and hence the Auger non-radiative recombination rate 5 is reduced.
Recently, the optical properties of cubic GaN have been thoroughly investigated in the nearband-gap excitonic region by means of temperature-dependent photoluminescence, photoreflectance, and ellipsometry. 3 These studies probe the electronic bandstructure of the material and provide valuable data for the design of devices based on c-GaN. However, no studies of the temperature dependence of the phonons in c-GaN have been published so far. Such studies yield relevant information about the electron-phonon interaction, which determines the energy loss rate from electrons to the lattice via optical-phonon emission and is a key parameter in the design of high-speed devices. At high current densities, the energy loss of hot electrons to the lattice gives rise to self-heating effects which are deleterious to device performance. In polar lattices, hot carrier relaxation takes place primarily by emission of zone center longitudinal optical (LO) phonons via Fröhlich interaction. 6 Depending on the LO phonon lifetimes, a nonequillibrium hot phonon population may build up leading to phonon reabsorption and a reduction to the carrier energy loss rate. Therefore, a good understanding of the opticalphonon decay processes into acoustic phonons is a key element to address self-heating in optoelectronic devices and to devise phonon engineering strategies to lessen its impact on device performance. 7 Additionally, the decay of LO zone-center phonons can generate a high population of large-wave-vector phonons which may facilitate momentum conservation in nonra-diative Auger processes. As already mentioned, these processes may severely limit the internal quantum efficiency of InGaN laser diodes at high drive currents. 5 A general theoretical overview of optical phonon anharmonic decay is given in Ref. 8 for a range of cubic and hexagonal semiconductors. The analysis is based on the Debye model for acoustic branches, and assumes linearly dispersive optical branches. It is clear from this analysis that, due to the large phonon gap in GaN, the relaxation of optical modes proceeds through the Ridley channel (asymmetric decay into one optical and one acoustic mode). 9 The prediction of phonon lifetimes for c-GaN based on this model could not be compared with measurements because of the lack of experimental data. Phonon lifetimes and decay channels can be studied by means of temperature-dependent Raman-scattering experiments. 10 Raman scattering studies of the decay of zone-center phonons have been carried out on several wurtzite-type semiconductors [11] [12] [13] and, more specifically, studies of wurtzite-type GaN have been extensively reported. [14] [15] [16] [17] [18] The analysis of the temperature dependence of the phonon linewidths is generally carried out by fitting a simplified theory of anharmonic decay in which, to the lowest order, the frequency shift and the broadening of the phonon line shapes is proportional to the sum of Bose-Einstein factors associated with the phonon decay products. In some cases, 14, 16 the data is modeled using the simple Klemens channel (symmetric decay into acoustic phonons of the same energy), 19 which is clearly inconsistent with the large phonon gap in GaN.
In a previous work, 13 we analyzed the anharmonic decay of the optical phonons in InN using the full Cowley's model, 20 in which the anharmonic renormalization of the phonon frequencies and lifetimes is evaluated from the complex phonon self-energy. The phonon linewidth is given by the imaginary part of the self-energy, which is proportional to the two-phonon density of states (2PDOS), whereas the real part of the self-energy yields the anharmonic frequency shift. Therefore, linewidth and frequency shift are not separate magnitudes that can be fitted by independent parameters but they are connected through the Kramers-Krönig relations.
In this paper, we present a Raman scattering study of the temperature dependence of the optical phonons in c-GaN and we analyze their anharmonic decay on the basis of Cowley's anharmonic theory and the 2PDOS obtained from ab-initio calculations. The measurements were carried out over a wide temperature range up to 750 K, and it was found that a significant contribution of higher order decay processes had to be taken into account to explain the superlinear broadening of the LO mode with increasing temperature. The temperature-induced downshift of the LO mode predicted by Cowley's theory is in excellent agreement with the observed tem-perature dependence of the Raman spectra. Similarly to the E high 2 mode of the wurtzite phase, 18 the TO mode of the c-GaN exhibits a weak temperature dependence and its frequency downshift is mainly governed by the lattice expansion.
II. EXPERIMENT
A 600-nm thick c-GaN layer with the zincblende structure was grown on a semi-insulating (001) GaAs substrate by plasma-assisted molecular beam epitaxy (PA-MBE) in a MOD-GENII system using As 2 as a surfactant to initiate the growth of the cubic phase material. To improve the quality of the c-GaN layer, a GaAs buffer layer was grown on the GaAs substrate. Zincblende GaN layers were grown at temperatures ∼ 680 • C under Ga rich PA-MBE conditions. The growth of the metastable polytype of GaN was initiated by epitaxy on cubic (001) GaAs substrates and by supplying an additional As 2 flux. 21 The Raman scattering experiments were carried out in backscattering configuration from a (001) face. The Raman spectra were excited with the 532-nm line of a diode-pumped Nd:YAG solid-state laser. The scattered light was analyzed using a Jobin-Yvon T64000 triple spectrometer equipped with a LN 2 -cooled charge coupled device (CCD) detector. Raman spectra were obtained in the subtractive configuration of the spectrometer with 100 µm slits, corresponding to a spectral slitwidth of ∼ 2.2 cm −1 . The intrinsic phonon linewidths were obtained from the full width at half maximum (FWHM) of the Raman peaks using the Voigt profile approximation. 13 The sample temperature was varied between 80 and 390 K using a LN 2 cryostat. In this temperature range, the Raman measurements were carried out in macrocamera configuration, with an incident power of ∼ 50 mW. No heating effects were observed at this excitation power. A Linkam THMS600 high temperature stage was employed to vary the sample temperature from 300 up to 750 K. In this temperature range, the measurements were performed using a confocal microscope with a long-working-distance ×80 objective protected with a cooling jacket. In the micro Raman measurements, the incident power on the sample was kept below 5 mW to minimize heating effects. The sample temperature was monitored by a thermocouple attached to the sample holder block very close to the sample location. To ensure good thermal contact, the sample was attached to the sample holder block using an In droplet. Figure 1 shows the z(x y)z Raman spectra of c-GaN recorded at three different temperatures.
III. RAMAN SPECTRA OF c-GaN
The spectra are dominated by the symmetry allowed LO mode. The LO frequency decreases from 740 cm −1 at 120 K to 725 cm −1 at 670 K. A weak shoulder can be seen on the low energy side of this peak. To accurately determine the FWHM of the LO peak, Lorentzian line-shape fits of the Raman spectra were carried out, which are displayed in Fig. 1 as solid lines. Subsidiary modes in the low-energy side of the LO Raman peak were previously observed in the spectra of c-GaN and attributed to two-phonon combination bands and boundary layer modes at the substrate interface. 22 According to our ab-initio calculations (see Sec. IV A ), the frequency of the observed feature agrees well with a second-order TA(L)+TO(L) combination mode. The in-tensity decrease of the low energy mode relative to the LO mode as the temperature is lowered is well described by the phonon occupation ratio
where n(ω) is the Bose-Einstein occupation factor for the mode ω, which supports the assignment of this feature to a second order TA(L)+TO(L) combination mode.
Although the TO mode is symmetry forbidden in backscattering from a (001) face, a weak Raman signal from the TO mode appears in the spectra. Since the c-GaN layer is transparent for the excitation laser beam, a measurable TO signal arises from the forward scattering component induced by the laser beam that is reflected at the GaN/substrate interface. 23 As can be seen in Fig 
IV. RESULTS AND DISCUSSION

A. Lattice dynamics: ab-initio calculations
The accurate modeling of anharmonic decay processes requires a good knowledge of the lattice dynamics. In this section we present ab-initio calculations based on perturbation densityfunctional theory (PDFT) that give access to the phonon dispersion, phonon density of states (PDOS) and material parameters such as the bulk modulus and the mode Grüneisen parameter. These results will be key elements for the detailed analysis of the anharmonic phonon decay presented in Sec. IV B
The PDFT calculations were carried out using a plane-wave pseudopotential approach in the local density approximation as implemented in the ABINIT code. 24 The 3d electrons were included as valence states in the Ga pseudopotential, and reciprocal space integrations were the value a = 4.501 Å reported from x-ray measurements in bulk freestanding c-GaN. 21 The lattice parameter of c-GaN is substantially smaller than that of the GaAs substrate (5.65 Å). However, due to the occurrence of a coincidence-lattice mismatch (pa GaAs − q a GaN )/pa GaAs which is negligible for p = 4, q = 5, the large misfit between lattice parameters can be accommodated by an array of pure edge dislocations with a period of 5 GaN lattice planes and thus the residual lattice misfit in the heterostructure is drastically reduced. 25 Therefore, in agreement with previous studies, 26 we assume that there is no built-in strain in the c-GaN layers.
To account for the lattice thermal expansion effects on the phonon frequencies we need the For the calculation of phonon frequencies, the dynamical matrix was obtained on a mesh of k-points using the perturbation theory linear-response approach, 27 which allows the interpolation to arbitrary wave vectors for the calculation of phonon dispersion and PDOS. Figure 2 shows the phonon dispersion of c-GaN along the principal symmetry directions and the corre- 
where Z * is the effective Born charge, V 0 is the unit cell volume, and µ is the reduced mass, the overestimation of ε ∞ gives rise to an underestimation of the LO-TO splitting. We can account for this effect by evaluating Eq. (1) using ε exp ∞ . Then we obtain ω LO = 740.8 cm −1 , which is quite close the LO frequency we measured at 80 K. Accordingly, the analysis of the anharmonic decay channels and the corresponding shift and broadening of the Raman peaks will be performed using consistently the results of the DFT calculations, bearing in mind that the comparison with the experimental frequencies will be effected by means of a rigid shift of the temperaturedependent frequency curves. The phonon frequencies obtained from DFT calculations at the principal high symmetry points are summarized in Table I. In Fig. 2 (lower panel) we display the 2PDOS corresponding to the sum and phonon differences that will be used in Sec. IV B to evaluate the effects of decay into combinations of two zone-edge phonons in Cowley's anharmonicity model. The 2PDOS for sums is about four times higher around the LO frequency than around the TO frequency, whereas the 2PDOS for differences is vanishing around the LO frequency. The 2PDOS for sums exhibits steep slopes at the TO and LO frequencies which, as we discuss in Sec. IV B, introduce a frequency dependence in the anharmonicity corrections that must be taken into account in the line-shape modeling.
B. Theoretical model for anharmonic decay
The anharmonic coupling between the eigenstates of the harmonic lattice Hamiltonian (bare phonons) leading to a finite lifetime and frequency renormalization of the phonons was described in the perturbation theory framework by Cowley. 20 Cowley's theory was successfully applied to analyze phonon decay in several temperature-dependent Raman scattering studies of Si, Ge, and α-Sn, 10 InN, 13 and has revealed subtle effects in the temperature behavior of Raman scattering of compound semiconductors as AlAs 28 and ZnO. 12, 29 The anharmonic theory has been discussed at length in the literature. 10, 20, 30 We present here just an overview of the most relevant points that will be used later in the analysis of our data.
To the lowest order in perturbation theory, the imaginary part of the phonon self-energy can be written as
where V + 3 and V − 3 are, respectively, the effective cubic anharmonic potentials for decay into a phonon sum (ω → ω + 1 + ω + 2 ) and difference (ω → ω − 2 − ω − 1 ) , and ρ + (ω) and ρ − (ω) are the twophonon DOS for phonon sums and differences, respectively. Energy and wave vector must be conserved in the phonon decay process. The effective cubic anharmonic potentials are related to the third-order derivatives of the total energy and to the harmonic frequencies and eigenvectors. All these quantities can be evaluated using PDFT by computing the linear response to atomic displacements from the equilibrium position. Indeed, full ab initio calculations of phonon linewidths were reported on III-V semiconductors. 31 These PDFT calculations deal only with the third-order derivatives of the total energy as obtained from the 2n + 1 theorem (lowest-order anharmonicity correction). Furthermore, for the LO modes the contribution to the anharmonic dynamical tensor due to the electron density response to an electric field and the corresponding nonanalytic wave-function response are neglected. While a good agreement with experimental data is generally found at low temperatures, significant deviations may occur at higher temperatures because of the increasing importance of higher-order corrections.
In view of the computational complexity of the full ab initio approach and its intrinsic limitations, to analyze our temperature-dependent data we have adopted a semi-empirical approach similar to that used by Serrano et al., 29 in which the effective anharmonic potentials are considered as adjustable parameters while PDFT is employed to obtain the phonon frequencies and density of states.
Higher order terms (quartic anharmonicity) involving four-phonon processes were analyzed by Balkanski et al. 30 and found to be relevant to explain the superlinear temperature dependence of the optical phonon broadening in Si, particularly at higher temperatures. Although temperature dependence fits based on the occupation factors indicate the importance of higher order terms in many cases, 11, 15, 16, 18 the general expressions for the higher order terms are however difficult to evaluate and therefore it is not trivial to extend Cowley's theory to higher order. In our previous anharmonicity study on InN, 13 we restricted ourselves to the higher order decay channels involving the decay into a zone-center phonon (ω 1 ) and a pair of opposite wave-vector phonons at zone-edge (ω 2 , ω 3 ) in an attempt to take into account higher anharmonic terms in Cowley's formalism. Under these constraints, the quartic anharmonicity contribution reduces to 13
whereṼ + 4 ,Ṽ − 4 are effective anharmonic potentials to be considered as empirical adjustable parameters. Once the 2PDOS is known and the main decay channels have been identified, Eqs. (2) and (3) allow us to evaluate the phonon line-width broadening (imaginary part of the phonon self-energy). Since the real and imaginary parts of the phonon self-energy are related by the Kramers-Krönig relations, the anharmonic frequency shift is obtained as
In addition to the anharmonic shift, the actual temperature dependence of the phonon frequency contains also an important contribution from the thermal expansion of the lattice, which can be estimated from the linear thermal expansion coefficient α(T ) and the mode Grüneisen parameter γ as
For the linear thermal expansion of c-GaN, we consider α ≈ 1 3 (2α a + α c ), where α a and α c are the linear thermal expansion coefficients of hexagonal GaN reported by Roder et al. 32 Given the similar thermal expansion of GaN and GaAs (the respective thermal expansion coefficients differ by less than ∼ 20% at the growth temperature) 32, 33 and the stress relaxation at the GaN/GaAs interface we neglect the effects of differential thermal expansion, although a small residual compressive strain might be present in the c-GaN layer.
To obtain the phonon frequency and FWHM curves vs. T the Raman line shape is calculated taking into account the self-energy corrections 10,13 and the peak frequency and FWHM are determined for each temperature. The temperature dependence of the phonon line width can then be fitted to the Raman data to obtain the anharmonic potentials V + 3 , V − 3 ,Ṽ + 4 , andṼ − 4 . These potentials determine not only the broadening of the phonon line, but also the anharmonic frequency shift which is given by the real part of the phonon self-energy.
C. Phonon decay of the LO mode
By inspection of the PDOS (Fig. 2 ) and the phonon frequencies at the high symmetry points (Table I) , we conclude that the only three-phonon process that verifies energy conservation is the Ridley channel LO(Γ) → TO(L) + TA(L). This channel is illustrated by the blue arrows in Fig. 3(a) as a function energy lower than k B T for most of the temperature range and therefore its occupation factor dominates and yields a nearly linear temperature dependence. This behavior is illustrated by the dashed line in Fig. 3(a) , which depicts the temperature dependence of the FWHM taking into account only the Ridley channel and the background contribution Γ 0 . Therefore, further channels have to be considered to explain the observed FWHM behavior. In the spirit of Eq. (3), we consider four-phonon processes involving the decay into the zone-center TO phonon and sums or differences of acoustic phonons. Two such processes verifying energy conservation can be readily identified by inspection of the phonon dispersion, and they are depicted by magenta arrows in Fig. 2 . First, a process leading to the asymmetric creation of acoustic modes: As can be seen in Fig. 3 (b) , the LO phonon exhibits a frequency downshift of 19 cm −1 when the temperature is increased from 80 to 780 K. More than one third of the downshift is accounted for by the thermal expansion of the lattice. The thermal expansion contribution to 
D. Phonon decay of the TO mode
As already discussed in Sec. III, a sizable signal from the TO mode is also observed in the backscattering measurements on the (001) oriented c-GaN layers. However, since it overlaps second-order bands and the residual E high 2 signal from wurtzite inclusions, an accurate determination of the TO line-shape parameters is difficult. As shown in Fig. 1 , a four-Lorentzian line-shape fit was performed in the TO spectral region to extract the peak frequency and the FWHM of the TO Raman peak. The results are plotted in Fig. 4 , where larger error bars have been included to account for the uncertainties introduced by the fitting procedure. The FWHM data shows some scatter around 7 cm −1 but there is no clear trend with increasing temperature, which suggests that anharmonic renormalization effects are notably weak for this mode. This is confirmed by the relatively small downshift of the TO frequency over the tempeature range studied, which, as can be seen in Fig. 4(b) , can be entirely accounted for by the thermal expansion contribution (dashed line).
According to the phonon dispersion of c-GaN (see Fig. 2 ), the most likely channel for TO phonon decay is the asymmetric decay into two acoustic phonons:
where TA + (W) stands for the upper transverse acoustic branch at W . A fit to the FWHM Raman data, displayed as a solid line in Fig. 4(a) , yields |V + 3 | 2 = 6 cm −2 and Γ 0 = 6.5 cm −1 . The background contribution Γ 0 agrees well with the value obtained for the LO model. A very weak temperature dependence was also reported for the E high 2 mode in wurtzite GaN, 18 which corresponds to the zone-folded TO(L) mode of the zincblende phase, and it was attributed to a higher-order decay mechanism. In contrast, a three-phonon decay channel exists for the TO mode of c-GaN. Then, the weak temperature dependence of the TO mode of c-GaN is explained instead by the combined effect of a relatively weak anharmonic coupling potential, the fact that as can be seen in Fig. 2(b) the 2PDOS is very low around the TO frequency, and the unavailability of relevant higher-order decay channels.
E. LO phonon lifetime
In polar semiconductors the LO phonon lifetime is a key parameter for carrier-lattice thermalization, as the excess energy of the carriers is removed by Fröhlic interaction with LO phonons. The phonon lifetime can be studied in the frequency domain by means of Raman 
The relaxation time τ A describes the intrinsic phonon-lifetime limiting processes arising from anharmonic phonon decay and is therefore characteristic of the material and determined by its lattice dynamics. In contrast, the relaxation time τ B describes phonon dephasing due to interactions with lattice defects and impurities, and therefore it depends on the crystalline quality of the sample. Given that a substantial fraction of the LO phonon linewidth is due to lattice disorder effects, the LO phonon dephasing time τ is expected to increase as growth methods are improved and higher quality c-GaN crystals are produced. In Fig. 5 we plot the anharmonic decay time τ A as a function of temperature as derived from the Raman FWHM using Eq. (6) . The anharmonic decay time shows a sizable increase at lower temperatures, where a substantial fraction of the Raman linewidth is given by the background term Γ 0 . Given the small value of the anharmonic component of the FWHM, the error bars on τ A are increasingly large at lower temperatures. However, the central values show a regular trend that follows closely the solid line calculated by using the occupation factors appearing in Eqs. (2) and (3). This fact leads us to think that the anharmonic lifetime values determined from the Raman measurements are fairly accurate even at lower temperatures. We obtain 4.2 and 2.0 ps at low temperature and room temperature, respectively. These values are in excellent agreement with the values theoretically predicted by Barman and Srivastava. 8 The room-temperature LO phonon lifetime we find for c-GaN is higher than the values around 0.9 ps reported for the A 1 (LO) mode of wurtzite GaN. 18, 34 The values of the anharmonic lifetimes are relevant for the buildup of a nonthermal phonon population and therefore for determining the hot-carrier relaxation dynamics by electron-phonon interaction. Given the relatively high values of anharmonic phonon lifetimes in c-GaN, hot-phonon effects may be expected to be significant in this material.
V. SUMMARY AND CONCLUSIONS
In this work we have carried out Raman scattering measurements on zincblende GaN over a temperature range from 80 to 750 K. Anharmonic phonon decay modeling of the Raman line shapes has been performed by evaluating the complex phonon self-energy taking into account the phonon dispersion and phonon density of states obtained from DFT calculations. The most likely decay channels have been identified from the phonon dispersion and PDOS obtained from the calculations.
The LO phonon FWHM displays a superlinear temperature dependence that can only be explained by considering higher order processes in addition to the Ridley channel LO → TO(L) + TA(L). With the aid of the calculated phonon dispersion, several four-phonon decay channels have been identified. The contribution of these higher order processes is found to be more important than for the case of the wurtzite GaN. The LO frequency downshift with temperature is well accounted for by the combined effect of the thermal lattice expansion and the anharmonic renormalization of the phonon frequency. The TO mode, for which a three-phonon decay channel TO(Γ) → LA(W ) + TA + (W ) exists, displays a weak temperature dependence and its frequency downshift is mainly determined by the thermal lattice expansion effect. This implies a small anharmonic coupling for this mode.
The LO phonon lifetime has been evaluated from the temperature dependent FWHM data, and it has been found to be in excellent agreement with previous theoretical estimations. The characteristic phonon decay rate in the c-GaN layers studied contains a substantial background contribution arising from scattering by lattice defects which is significantly higher than for the wurtzite GaN. However, the anharmonic phonon decay rate is lower than in wurtzite GaN.
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